If studies of electroweak gauge boson final states at the Large Hadron Collider, for Standard Model physics and beyond, are sensitive to effects of the initial state's transverse momentum distribution, appropriate generalizations of QCD shower evolution are required. We propose a method to do this based on QCD transverse momentum dependent (TMD) factorization at high energy. The method incorporates experimental information from the high-precision deep inelastic scattering (DIS) measurements, and includes experimental and theoretical uncertainties on TMD parton density functions. We illustrate the approach presenting results for production of W -boson + n jets at the LHC, including azimuthal correlations and subleading jet distributions.
small-x region, in a manner which can be controlled using the estimation of theoretical and experimental uncertainties on TMD distributions proposed in [14] within the herafitter framework [16, 17] . Given the complexity of the final states considered, this is a challenging problem. The results are however encouraging. Moreover, they are sufficiently general to be of interest to any approach that employs TMD formalisms in QCD to go beyond fixed-order perturbation theory and appropriately take account of nonperturbative effects. This will be relevant both to precision studies of Standard Model physics and to new physics searches for which gauge boson plus jets production is an important background.
Using the parton branching Monte Carlo implementation of TMD evolution developed in [14] we make predictions, including uncertainties, for final-state observables associated with W -boson production. We study jet transverse momentum spectra and azimuthal correlations. In particular, we examine subleading jet distributions, measuring the transverse momentum imbalance between the vector boson and the leading jet.
The starting point of our approach is to apply QCD high-energy factorization [7] at fixed transverse momentum to electroweak gauge boson + jet production, q + g * → V + q, where V denotes a gauge boson and g * an off-shell gluon. The basic observation is that this factorization allows one to sum high-energy logarithmic corrections for √ s → ∞ to all orders in the QCD coupling provided the spacelike evolution of the off-shell gluon includes the full BFKL anomalous dimension for longitudinal momentum fraction x → 0 [18] . The CCFM evolution equation [8] is an exclusive branching equation which satisfies this property. In addition, it includes finite-x contributions to parton splitting, incorporating soft-gluon coherence for any value of x. The evolution equation reads [8, 9] 
where A(x, k t , p) is the TMD gluon density function, depending on longitudinal momentum fraction x, transverse momentum k t and evolution variable p. The first term in the right hand side of Eq. (1) is the contribution of the non-resolvable branchings between starting scale q 0 and evolution scale p, while the integral term in the right hand side of Eq. (1) gives the k t -dependent branchings in terms of the Sudakov form factor ∆ and unintegrated splitting function P. Unlike ordinary, integrated splitting functions, the latter encodes soft-virtual contributions into the non-Sudakov form factor [8, 9] . In this framework the vector boson production cross section has the form
where the symbol ⊗ denotes convolution in both longitudinal and transverse momenta, A is the gluon density function obeying Eq. (1), H is the off-shell (but gauge-invariant) continuation of the qg hard-scattering function specified by the high-energy factorization [7] , and B is the valence quark density function introduced at unintegrated level according to the method [19] , such that it obeys a modified CCFM branching equation. Explicit calculations for H are carried out in [20] [21] [22] [23] with off-shell partons [24, 25] .
Ref. [26] provides an approach to vector boson plus jets also inspired by QCD high-energy factorization [7] .
This approach differs from that of the present paper as it is based on matching tree-level n-parton amplitudes with BFKL amplitudes in the multi-Regge kinematics, treating initial-state partons as collinear. TMD parton density functions and k t -dependent branching evolution do not enter in the approach [26] .
The A 0 term in the right hand side of Eq. (1), and the analogous term in the modified CCFM branching equation for the quark distribution B [19] , depend on nonperturbative parton distributions at scale q 0 , which are to be determined from fits to experimental data. We here use the determination [14] from the precision measurements of the F 2 structure function [16] [14] ). Despite the limited kinematic range, the great precision of the combined data [15, 16] provides a compelling test of the approach at small x. The production of final states with W boson and multiple jets at the LHC receives contributions from a non-negligible fraction of events with large separations in rapidity between final-state particles [27] , calling for parton branching methods beyond the collinear approximation [6] . On the other hand, the average values of longitudinal momentum fractions x at which the gluon density is sampled in the W -boson + jets cross sections at the LHC are not very small. Moreover, quark's average momentum fractions are moderate, and quark density contributions matter [21] at TMD level. For these reasons, W + jets pushes the limits of the approach probing it in a region where its theoretical uncertainties increase [28] , and where the DIS experimental data [15, 16] do not constrain well the TMD gluon distribution. The numerical results that follow are obtained using the Rivet -package [29] . We use the TMD distribution set JH-2013-set2 [14] . We compare the results with the ATLAS measurements [30] (jet rapidity |η| < 4.4) and CMS measurements [31] (jet rapidity |η| < 2.4). The uncertainties on the predictions are determined according to the method [14] . This treats experimental and theoretical uncertainties. Experimental pdf uncertainties are obtained within the herafitter package following the procedure of [32] . Theoretical uncertainties are considered separately due to the variation of the starting scale q 0 for evolution, the renormalization scale µ r for the strong coupling, the factorization scale µ f . We apply this method in different modes: mode A (purple band in the plots) includes uncertainties due to the renormalization scale, starting evolution scale, and experimental errors; mode B (pink band in the plots) and mode C (green band in the plots) also include factorization scale uncertainties. These are estimated as follows. We take the central value for the factorization scale to be µ
, where m and q ⊥ are the invariant mass and transverse momentum of the boson + jet system. The choice of this scale is suggested by the CCFM angular ordering [6, 8, 9] and the maximum angle available to the branching. We then consider two different types of variation of µ f . In mode C, we vary the transverse part of µ f , again by a factor of 2 above and below the central value. We note that the above variation affects the kinematics of the hard scatter, and the amount of energy available for the shower. While the mode C variation is more closely related to the estimation of unknown higher-order corrections in standard calculations performed under collinear-ordering approximations, the mode B variation is a (conservative) way to estimate uncertainties from possibly enhanced higher orders due to longitudinal momentum kinematics (not considered under standard approximations). For this reason we expect large mode-B uncertainties especially in the case of high multiplicity. One of the limitations of the current treatment is that this variation is applied to the shower but not to the hard matrix element. In a more complete calculation, subject for future investigations, the scale dependence is taken into account in the hard factor, and the pdf fitted to data is also changed [14] , unlike the ordinary case of collinear calculations. The net result of these two effects is expected to reduce the uncertainty band. The present treatment, on the other hand, combined with the sensitivity of the process to the medium to large x region, leads to significant theoretical uncertainties, in particular larger than the experimental uncertainties. Thus, we regard the mode B bands presented in the following as the most conservative estimate of the uncertainties. We expect mode C bands to be smaller, and intermediate between mode A and mode B. We note that the factorization scale variation plays a different role here than in ordinary collinear calculations. Fig. 1 shows the total transverse energy distribution H T for production of W -boson +n jets, for different values of the number of jets n. We take the minimum jet transverse momentum to be 30 GeV. The main features of the final states are described by the predictions including the case of higher jet multiplicities. The theoretical uncertainties are larger for larger H T , corresponding to increasing x. At fixed H T , they are larger for higher jet multiplicities, corresponding to higher probability for jets to be formed from the partonic showers. The comparison of the bands for the three modes described above illustrates that mode C is intermediate between mode A and mode B.
We next consider the spectra of the individual jets. Fig. 2 shows the spectrum of the leading jet associated with the W -boson, inclusively (left) and for n ≥ 3 jets (right). For the sake of simplicity we only show uncertainty bands corresponding to the two extreme cases, A and B (mode C is intermediate between these, similarly to the case of Fig. 1 ). The CMS [31] (left) and ATLAS [30] (right) measurements cover different ranges in jet rapidity, respectively |η| < 2.4 [31] and |η| < 4.4 [30] . The plot on the left includes higher values of p ⊥ . Given the computational limitations at finite x outlined above, the theory comparison with the measurements in Fig. 2 is satisfactory over a broad p ⊥ range. It is noted in [27] that, in contrast, the leading-order Pythia [33] result strongly deviates from these measurements in the high-multiplicity and the high-p ⊥ regions. In such a framework the description of the high-p ⊥ region is to be improved by supplementing the parton shower with next-to-leadingorder corrections to the matrix element, e.g. via matched NLO-shower calculations [34] such as Powheg. The TMD formulation with exclusive evolution equations, on the other hand, incorporating at the outset large-angle, finite-k ⊥ emissions [9, 35] , can describe the shape of the spectra also at large multiplicity and large transverse momentum. We note in particular that the different ranges in rapidity quoted above for the samples [30, 31] play a non-negligible role, given that our exclusive formalism is designed to treat gluon radiation over large rapidity intervals.
In Fig. 3 we look into the multi-jet final states in closer detail by examining the p ⊥ spectra of the second jet and the third jet associated with W production. We see that not only the leading jet and global distributions of Figs. 2 and 1 but also the detailed shapes of the subleading jets in Fig. 3 can be obtained from the TMD formalism. The uncertainty bands, on the other hand, increase as we go to higher jet multiplicity. The effect is moderate for mode A, but pronounced for the conservative mode B. In Fig. 4 we turn to angular correlations. We consider two examples: the distribution in the azimuthal separation ∆φ between the two hardest jets (left); the correlation of the third jet to the W -boson (right). As noted earlier, predictions of the structure of angular correlations are a distinctive feature of the TMD exclusive formulation. The shape of the experimental measurements is well described, within the theoretical uncertainties, both at large ∆φ and down to the decorrelated, small-∆φ region.
In conclusion, this work shows how exclusive evolution equations in QCD at high energies can be used to take into account QCD contributions to the production of electroweak bosons plus multi-jets due to finite-angle soft gluon radiation, and estimate the associated theoretical uncertainties. This will be relevant both to precision studies of Standard Model physics and to new physics searches for which vector boson plus jets are an important background.
Unlike traditional approaches to electroweak boson production including effects of the initial state's transverse momentum in the low-p ⊥ region, the formulation of TMD pdfs and factorization employed in this work incorporates physical effects which persist at high p ⊥ and treats final states of high multiplicity. The effects studied come from multiple gluon emission at finite angle and the associated color coherence [6, 8, 9] , and are present to all orders in the strong coupling α s . In particular, they are beyond next-to-leading-order perturbation theory matched with collinear parton showers [5] . They can contribute significantly to the estimate of theoretical uncertainties in multi-jet distributions at high energies.
The method of this work incorporates the experimental information from the highprecision DIS combined measurements [15, 16] . The use of the TMD density determined [14] from these measurements in the comparison with the LHC W + n-jet data indicates that detailed features of the associated final states can be obtained both for the leading jet and the subleading jets. It underlines the consistency of the physical picture which can be extended from DIS to Drell-Yan processes to describe QCD multi-jet dynamics. It also points to the relevance of Monte Carlo event generators which aim at including parton branching at transverse momentum dependent level (see e.g. [36, 37] ).
Future applications may employ vector boson pp data to advance our knowledge of transverse momentum parton distributions [17, 38] . Vector boson plus jets are a benchmark process for QCD studies of multi-parton interactions [39] , and may help shed light on topical issues in the physics of forward jet production [40] . A program combining Drell-Yan and Higgs measurements can become viable at high luminosity [3] to carry out precision QCD studies accessing gluon transverse momentum and polarization distributions [3, 4] .
